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Edited by Irmgard SinningAbstract Phox and Bem1 (PB1) domains mediate protein–pro-
tein interactions via the formation of homo- or hetero-dimers.
The C-terminal PB1 domain of yeast cell division cycle 24
(CDC24p), a guanine-nucleotide exchange factor involved in cell
polarity establishment, is known to interact with the PB1 domain
occurring in bud emergence MSB1 interacting 1 (BEM1p) dur-
ing the regulation of the yeast budding process via its OPR/
PC/AID (OPCA) motif. Here, we present the structure of an
N-terminally truncated version of the Sc CDC24p PB1 domain.
It shows a diﬀerent topology of the b-sheet than the long form.
However, the C-terminal part of the structure shows the con-
served PB1 domain features including the OPCA motif with a
slight rearrangement of helix a1. Residues which are important
for the heterodimerization with BEM1p are structurally pre-
served.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Protein–protein contacts are often established by non-cata-
lytical protein domains via conserved mechanisms [1]. Exam-
ples are the interactions of SH2 and PTB domains with
phospho-tyrosine containing peptide segments in target pro-
teins [2], or interactions of SH3, WW and EVH1 domains with
proline-containing peptides [3]. Such domains are often foundAbbreviations: NOE, nuclear Overhauser eﬀect; NOESY, NOE spec-
troscopy; COSY, correlation spectroscopy; TOCSY, total correlation
spectroscopy; HSQC, heteronuclear single quantum coherence; HM-
QC, heteronuclear multi-quantum coherence; NMR, nuclear magnetic
resonance; Sc, Saccharomyces cerevisiae; PB1, Phox and Bem1; OPCA,
OPR/PC/AID; OPR, octicosapeptide repeat; PC, Phox and CDC24p;
AID, atypical PKC-interaction domain; CDC24p, cell division cycle
24; BEM1p, bud emergence MSB1 interacting 1
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doi:10.1016/j.febslet.2005.05.025by sequence alignments, and structural investigations show
then the fold of the domain. The deﬁnition of domain bound-
aries is one of the most critical steps in the expression of iso-
lated protein domains. There are a number of recipes for
domain boundary deﬁnition, including limited proteolysis
and computational methods [4]. Often, one assumes already
correct choice of boundaries if a folded construct is obtained,
and the terminal residues are not ﬂexible. Here, we show that
the choice of diﬀerent N-terminal domain boundaries for the
Saccharomyces cerevisiae (Sc) cell division cycle 24 (CDC24p)
Phox and Bem1 (PB1) domain leads to diﬀerent b-sheet
topologies.
PB1 domains (Fig. 1) represent a protein family of which
some members are known to mediate protein–protein interac-
tions, via the contained OPR/PC/AID (OPCA) sequence motif
[5] which was formerly known as octicosapeptide repeat
(OPR), Phox and CDC24p (PC) or atypical PKC-interaction
domain (AID) [6–8]. This motif is rich of acidic amino acids,
and in case of the Sc CDC24p subfamily of PB1 domains its
consensus is YxDEDGDxxxxxSDED/E. The Sc CDC24p
PB1 domain has the special feature of containing two aspara-
gine-rich inserts (Fig. 1). Its structure shows the conserved
canonical ubiquitin-like PB1 fold [9–11]. Some PB1 domains
have been reported to mediate protein–protein contacts via
the formation of heterodimers [12,13], in part using the OPCA
motif, as those of the human proteins p40phox and p67phox, and
the PB1 domains of the yeast proteins CDC24p and bud emer-
gence MSB1 interacting 1 (BEM1p).
The interaction of CDC24p and BEM1p is important for the
establishment of cell polarity in budding yeast. Both proteins
are part of a complex machinery with the GTPase CDC42p
as a central unit, and CDC24p serving as a guanine nucleotide
exchange factor. BEM1p is a scaﬀolding protein without cata-
lytic subunits. The system is supposedly able to receive signals
from the bud site and the pheromone receptor, and to transmit
a signal for the induction of cytoskeletal reorganization. The
formation of the responsible protein complex at the pre-bud
site was shown to be dependent on transiently formed interac-
tions between the CDC24p and BEM1p PB1 domains, via the
formation of heterodimers. It has been shown that the OPCA
motif in CDC24p is involved in this complex formation [12,14–
16]. Detailed binding studies with independent PB1 domains
from the two proteins revealed the binding site in the N-termi-
nal region of the BEM1p PB1 domain, and the respectiveblished by Elsevier B.V. All rights reserved.
Fig. 1. Alignment of a non-representative set of PB1 domain sequences according to the SMART database [33] in ClustalX format [34] focusing on
the OPCA motif. Abbreviations are: Sc, Saccharomyces cerevisiae; Ag, Ashbya gossypii; Ca, Candida albicans; Hs,Homo sapiens; Mm,Mus musculus;
Bb, Bison bison; Oc, Oryctolagus cuniculus; Tt, Tursiops truncatus; Yl, Yarrowia lipolytica; Sp, Schizosaccharomyces pombe; Xl, Xenopus laevis; Dm,
Drosophila melanogaster; Dd, Dictyostelium discoideum; and Ce, Caenorhabditis elegans. The color coding for conserved residues is chosen as follows:
blue for hydrophobic residues (L, I, V, C, F, W, Y), magenta for positively charged residues (K, R), red for negatively charged residues (D, E), light
blue for Tyr, green for Ser, and orange for Pro within conserved hydrophobic patches. The red bars in and above the ﬁrst protein sequence
(Sc_Cdc24) mark the boundaries of the N-terminally truncated PB1 domain (S778) and its full version (S761). Rectangles and ovals above the
alignment indicate the secondary structure elements observed in the structures of the N-terminally truncated version. The red bar which is connected
via a dashed line symbolizes the additional b-strand of the long version as determined by Yoshinaga et al. [10]. The color code is kept as in the
structures presented in Fig. 3.
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conserved OPCA motif. An N-terminally truncated version
of the Sc CDC24p PB1 domain is suﬃcient for heterodimer
formation [9,17].
In this work, we present the structure of this N-terminally
truncated construct of the Sc CDC24p PB1 domain which
shows a diﬀerent b-sheet topology but which is still capable
of binding to the PB1 domain of BEM1p.2. Materials and methods
Protein production and puriﬁcation of the Sc CDC24p PB1 domain
was described previously [18]. Nuclear magnetic resonance (NMR)
measurements were carried out at 27 C on a Bruker DRX600 spec-
trometer in standard conﬁguration. NMR experiments were set up
semi-automatically with the program package PASTE/PAPST [19].
All spectra were acquired on a 1.4 mM uniformly 15N or 13C/15N la-
beled sample containing 20 mM KH2PO4, 50 mM NaCl and 0.02%
NaN3 at pH 6.0 in 93% H2O/7% D2O, if not otherwise stated. NMR
data were processed using the XWINNMR software (Bruker), except
the 4D spectra, which were processed with NMRPipe [20]. 3D CBCA-
(CO)NH/CBCANH, HA(CO)NH/HANH and HNCO/HN(CA)CO
experiment pairs [21] and a set of sidechain-selective 2D 1H–15N heter-
onuclear single quantum coherence (HSQC) experiments [22–25] were
recorded as a basis for backbone resonance assignments. Assignments
were obtained by employing SAMPA (results to be published), and
completed manually using SPARKY [26]. Sidechain resonances were
identiﬁed using the following 3D NMR experiments: HBHA(CO)NH,
H(CCCO)NH-total correlation spectroscopy (TOCSY) (13 ms), and
(H)CC(CO)NH-TOCSY (13 ms). A HCCH-TOCSY (19.5 ms) opti-
mized for the aromatic region and a HCCH-correlation spectroscopy
(COSY) were recorded on a sample containing 99.8% D2O (2· lyoph-
ilized). Sidechain resonances of Q and N were obtained from a series of
sidechain-NH2 selective 2D COSY spectra [27]. Slowly exchanging
amide protons were identiﬁed by a series of 2D 1H–15N HSQC re-
corded immediately after buﬀer exchange from H2O to D2O. Relaxa-tion rate and heteronuclear nuclear Overhauser eﬀect (NOE)
measurements were done as described previously [28]. Both T1 and
T2 relaxation times were extracted from series of 11 2D
1H–15N HSQC
type spectra with delays of 12, 52, 102, 152, 202, 302, 402, 602, 902,
2002, and 5002 ms for T1 and 6, 10, 18, 26, 34, 42, 82, 122, 162, 202,
and 242 ms for T2. Rates and errors were ﬁtted as implemented in
SPARKY.
Interproton distance information was extracted from 3D 15N-
NOESY HSQC, 3D 13C-NOESY heteronuclear multi-quantum
coherence (HMQC), 4D 15N–15N-NOESY HSQC, and 4D 15N–13C-
NOESY HMQC. All NOE spectroscopies (NOESYs) were recorded
with a mixing time of 80 ms.
Secondary structure predictions were made using the chemical shift-
based approaches of PLATON [29] and CSI [30]. Both predictions
yielded consistent results that were also in good agreement with the
relaxation rate measurements, hydrogen exchange data, and the hetero
NOE experiments. Characteristic NOE patterns deﬁning the secondary
structure elements such as the b-sheet and the two a-helices were as-
signed manually. In total 156 NOEs, most of them long-range, were
manually assigned. On the basis of NOE patterns and hydrogen
exchange data 64 constraints mimicking 32 hydrogen bonds were
deﬁned.
Using the constraints mentioned above the ARIA protocol [31,32]
was used for further assignment. Out of 4113 peaks picked from the
four NOESY spectra mentioned above 2498 were accepted for further
calculations. ARIA assigned in total 1391 NOEs unambiguously,
including 631 intraresidual, 246 sequential, 131 midrange, and 317 long
range NOEs (Table 1). The ﬁnal structures were based on 1733 non-
redundant restraints, consisting of 1626 NOEs, 75 dihedral angle re-
straints, and constraints deﬁning 32 hydrogen bonds. A set of 200
structures was calculated. The 20 structures of lowest energy were se-
lected as the representative ensemble.3. Results and discussion
A construct comprising the 77 C-terminal amino acids of Sc
CDC24p starting with the sequence SEIF. . . (Fig. 1) was
Table 1
Structure calculation restraints and structural statistics
Parameter Value
ARIA assignments
Unambiguous assignments 1391
Intra residual 631
Sequential 246
Medium range (i + 2–i + 4 residues) 131
Long range (>i + 4 residues) 317
Ambiguous restraints 235
RMSD with respect to mean derived
from MOLMOL
Residues 3–25 and 28–76 (ﬂexible loop omitted)
Backbone (A˚) 0.72 ± 0.16
Heavy atoms (A˚) 1.44 ± 0.22
Deviation from idealized geometries (CNS)
Bonds (A˚) 0.003 ± 0.0001
Angels () 0.46 ± 0.02
Impropers () 0.37 ± 0.02
Violations:
Distances >0.5 A˚ 0
Dihedrals >8 0
Ramachandran plot (analyzed by
PROCHECK-NMR)
Most favored region 74.2%
Additionally allowed region 15.3%
Generously allowed region 5.3%
Disallowed region 5.2%
Fig. 3. (A) Ribbon representations of the N-terminally truncated and
(B) the long Sc CDC24p PB1 domains, superimposed (C) according to
the best possible ﬁt of the Ca in the b-strands 3, 4 and 5 and the two
helices. N- and C-termini are indicated by capital letters. Secondary
structure elements for the N-terminally truncated version (A) range
from E779–L784 (b2), D792–K801 (a1), F848–L853 (b5), K817–D820
(b3), D824–V827 (b4), and D833–N844 (a2). The long version
possesses an additional b-strand (b1).
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showed well-dispersed signals as expected for a b-sheet protein.
Spectral assignments were achieved for all relevant nuclei in all
residues, except for the HN of E786. Structures were calculated
using ARIA and 156 manually assigned NOEs. The structures
were manually validated and reﬁned (Table 1). The 20 struc-
tures of lowest energy were based on 1733 restraints, showing
convergence in the areas S778–S803 and P812–Y854 (Fig. 2).
A ﬂexible loop ranges from residues N804 to S811.
Four strands form a twisted antiparallel b-sheet (Fig. 3A,
residues E779–L784 (b2), F848–L853 (b5), K817–D820 (b3),
and D824–V827 (b4)). The N- and C-termini are close in space
with respect to each other. Two a-helices, a1 (residues D792–
K801) and a2 (residues D833–N844), are oriented orthogonal
to each other and pack against the same side of the b-sheet. a1
shows, for example, interactions between F791 (beginning of
a1) and L828 (after b4), I798 (end of a1) and F781 (b2). The
long and structurally not well-deﬁned loop (residues N804–
S811) is of very ﬂexible nature, as concluded from longer T2-Fig. 2. Superposition of the backbone (N, Ca, and C 0) atoms for the
20 lowest energy structures of the N-terminally truncated Sc CDC24p
PB1 domain (stereo view). b-Strands (b1, b2, b3, b4) and a-helices (a1,
a2) are labeled. N- and C-termini are indicated by capital letters. The
structural statistics are given in Table 1.values and smaller heteronuclear NOEs. This was also re-
ported for the long construct [10]. The other loops show
well-deﬁned conformations, with mirror images obtained for
the loop between strands 3 and 4 (EDG-loop). Manual inspec-
tion of the NOESY spectra did not resolve this issue due to the
absence of indicative NOEs. The structure is compact and does
not show cavities.
The long [10] and short forms show similarities and striking
diﬀerences. On the whole, the overall shape of the two proteins
is very similar, but the topology of the b-sheet in the N-termi-
nal region is diﬀerent (Fig. 3A and B). In the long form, the
N-terminal strand inserts between b2 and b5, whereas the trun-
cated version still forms a b-sheet without this strand, now
showing antiparallel contacts between b2 and b5. As a result,
the portion of the structure comprising strands 3, 4, 5 and
the two helices shows the same topology. An optimized super-
position is shown in Fig. 3C. The RMSD between the two
structurally conserved portions is 1.6 A˚. This superposition
D. Leitner et al. / FEBS Letters 579 (2005) 3534–3538 3537shows that a1 is shorter and shifted towards the centre of the
b-sheet. The lack of stabilizing interactions due to the reduced
length of a1 in the short form is presumably responsible for the
observed ﬂexibility in the loop following a1. The structurally
conserved region contains also the functionally important
OPCA motif, which remains intact. These residues are located
in b4, a2 and in the connecting SD-loop, such as D831 and
E832. They play an important role in heterodimerization
[9,10,17]. The conserved residues form also a ring of negative
charge around the protein in the structure of our N-terminally
truncated construct as is the case for the long form [10].
Among those are F791, D793, K817, Y818, D820, E821,
D822, D824, V826, D831, and D833 which show the highest
level of conservation.
The signals of almost all (except D793 and D831) conserved
charged and exposed residues of the short form of the Sc
CDC24p PB1 domain experienced chemical shift changes upon
binding of the protein to the BEM1p counterpart [9,17]. Most
residues which experience stronger chemical shift changes
upon complex formation are located in b3, b4, a2 and in the
connecting SD- and EDG-loops.
In summary, the structure of the N-terminally truncated
version of the Sc CDC24p PB1 domain exhibits a similar
structure in the area of the C-terminal region than the long
form. However, the b-sheet topology in the N-terminal part
is diﬀerent. The presented structure shows a highly compact
fold, with a ﬂexible loop, and with N- and C-termini that
are well integrated into the b-sheet. Both termini show a very
low degree of mobility. This investigation highlights the fact
that the observation of a properly folded and globular do-
main is not a suﬃcient criterion for assuming correct domain
boundaries. Moreover, the criterion activity cannot be ap-
plied in an undiﬀerentiated manner, since both constructs
show binding to its native interaction partner [10]. Our results
hint strongly at the importance of using all possible criteria,
including all available biocomputational approaches as out-
lined by Kong and Ranganathan [4], for checking the signif-
icance of a construct that covers subsequences of a full-length
protein.4. Accession number
Coordinates of the PB1 domain of Sc CDC24p have been
deposited in the protein data bank, PDB code 1PQS.
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